Introduction
Nickel dithiolenes 1 have found widespread application within the field of materials chemistry. Their conductive properties have been tuned to develop semiconductors, 2 metals and superconductors, 3, 4 whist their optical properties have been employed for Q-switching near-infrared (NIR) lasers 5, 6 and the development of non-linear optic (NLO) materials. 7 Long excited state lifetimes and highly-tuneable absorption profiles also offer the possibility for their incorporation into photovoltaic devices. 8 It is because of this range of applications, combined with their high thermal and photochemical stability, 5 that nickel dithiolenes have remained under intensive investigation for over 40 years in an effort to prepare multifunctional dithiolene complexes. 9 Beyond academic interest, an interplay between their optical, magnetic and conductive properties might lead to the development of optoelectronic or magnetooptic materials for novel device construction.
Asymmetric dithiolene complexes (where L≠L′) are desirable targets as the frontier orbitals may become localised on different ligands, and thus a HOMO→LUMO transition would have inter-ligand charge-transfer (ILCT) character -a requirement for second-order NLO chromophores. 10 Such molecules generally have improved solubility in common organic solvents due to their permanent ground state dipole and, as such, thinfilm formation by cheaper solution methods can be achieved. The bonding motif in unsymmetrical nickel bisdithiolene systems can be thought of as being [Ni(II)(dithione)(dithiolate)] in character, where the electron donating dithione pushes electron density towards the electron withdrawing dithiolate, leading to their being termed 'push-pull' complexes. 7 Asymmetric nickel bis-dithiolenes containing the R 2 pipdt ligand have previously been reported. 11, 12 Their low energy absorption, as well as their packing structure and solid state properties, can be easily tuned by variation of the R group. Such asymmetric complexes allow fine tuning of the structural and electronic properties through one ligand, whilst maintaining the functionality imposed by the other. 12, 13 Incorporation of pendent thiophene groups can afford materials that combine the properties of polythiophene, such as conductivity, flexibility and good stability, 14 with the optical properties of the dithiolene. 15 These materials can be grown directly onto flexible substrates by electrochemical or solution methods to form flexible devices such as organic light emitting diodes and photovoltaics. 16 Symmetric nickel bis-dithiolenes containing pendent thiophene groups have previously been reported by ourselves and others, [17] [18] [19] and electrochemical polymerisation of these complexes has been shown to produce films through covalent linkage of the thiophene groups. Pickup et al. showed polymerisation of [Ni(b-2ted) 2 ] gave conducting films with redox functionality similar to the monomer, 19, 20 whereas Murphy et al. showed polymerisation of [Ni(b-3ted) 2 ] yielded an insulating film under similar conditions. 17 The observed poor conductivity in 2 ] was thought to be due to low structural regularity, caused by excessive cross-linking of the thiophene groups.
Films formed by a co-polymerisation of [Ni(b-3ted) 2 ] with thiophene, however, showed greatly improved conductivity with redox functionality similar to that of polythiophene. 17 In this paper we report the synthesis and characterisation of two electrochemically-polymerisable asymmetric nickel bis-dithiolene complexes. These have been designed with controlled numbers of polymerisable thiophene units per molecule to enable formation of high-quality conducting films and to allow straightforward tuning of the optical properties of these molecules and films.
Results and Discussion
Full experimental details for the syntheses of the b-3ted ligand precursor 1 21 and R 2 pipdt (R = Bz 2a R = i Pr 2b) have previously been reported. 7, 11, 22, 23 Both 3 and 4 were synthesised by analogous routes: 1 was treated with sodium methoxide in dry methanol under a nitrogen atmosphere, and to this was added a mixture of NiCl 2 .6H 2 O and R 2 pipdt in methanol (Scheme 1). The crude product precipitated immediately as an air stable green suspension which was filtered and washed with cold methanol. The precipitate was dissolved in DCM and passed through a silica plug to remove insoluble symmetric dithiolene salts and the solvent removed to afford pure product as a green precipitate. Crystallisation by slow diffusion of ether into DMF yielded analysable crystals of each target materials as dark green needles. Å for 3 and 0.059(3) Å for 4). These results are consistent with previous studies of 'push-pull' complexes 7, 12 and confirm the C-S π* and C-C π nature of the frontier MOs on the ligands. 7 A comparison of the C-S bond lengths with those reported for free ligand analogues of R 2 pipdt 12 and b-3ted, 24 shows good agreement, which confirms the [Ni(dithione)(dithiolate)] nature of the complexes (Fig. S1 & S2; Tables S1 & S2, ESI †).
Examination of the packing structure of both complexes shows the R group to have a large effect on how the molecules arrange in the lattice. 3 forms a herringbone arrangement with an interplanar distance of 4.172 Å ( Fig. 1 ), whereas 4 forms head-to-tail puckered sheets with an interplanar distance of 3.949 Å (Fig. 2 ). Both complexes display a large interplanar distance due to the out-of-plane twist of the thiophene groups; in addition, the bulk of the Bz group prohibits close packing of the NiS 4 C 4 cores in 3. Some disorder was observed for 3 due to a rotation of the C(4)-C(6) bond. This gave a 65% probability of a thiophene conformation different to that observed in 4. This disorder may be due to the increased bulk of the benzyl groups and larger inter-planar distance resulting in poorer orbital overlap of the thiophene groups between molecules. 
Spectroscopic Studies
UV/Vis/NIR spectroscopy of 3 and 4 in DMF show an intense peak in the UV region and a single peak in the NIR region [940 nm (10,638 cm -1 ) and 928 nm (10,776 cm -1 ) for 3 and 4 respectively] ( Fig. S5 & S6, ESI †). It is this low energy absorption that provides the most information about the electronic structure of these complexes as it is attributed to a HOMO→LUMO transition that is predominantly LL′CT in character. 10 This is caused by the unbalanced contribution of the two ligands to the frontier orbitals. The value of λ max is greater for 3 than 4, indicating a smaller HOMO-LUMO gap, which is in agreement with conclusions drawn from electrochemical studies (vide infra). Spectra were obtained in a range of solvents and both complexes show negative solvatochromic behaviour. This suggests that more polar solvents stabilize the ground state of both 3 and 4 to a greater extent than the excited state, and thus both complexes have a more pronounced dipole moment in the ground state ( Fig. S3 , ESI †).
To further characterise the nature of the frontier orbitals, the change in the absorption spectrum of 3 upon reduction and oxidation was studied in 0.1 M TBABF 4 /DMF at -40 °C. Complete reduction was achieved by holding the potential at 0.8 V until no further change in the absorption profile was observed ( Fig. S4 , ESI †).
The NIR band collapsed as a new band at lower energy grew in at 1028 nm (9,728 cm -1 ). A reduction in the intensity of the UV band was also observed as a shoulder to the existing peak grew in at 365 nm (27, 397 cm -1 ). The neutral species could be rapidly and reversibly regenerated by holding the potential at +0.1 V.
Oxidation of the neutral species at +0.8 V again resulted in the collapse of the NIR band and the formation of a lower energy transition at 1294 nm (7,728 cm -1 ). This species proved unstable over the course of the experiment as the peak gradually collapsed to the baseline, followed by a steady decrease in the intensity of all other bands. This experiment confirms the stability of the anionic complex, but suggests that cationic species is affected by processes of unknown nature (e.g. precipitation or decomposition), which reduces its stability over long periods in solution (vide infra). The spectro-electrochemical experiments show that the switching of redox states of these complexes generates distinct electronic absorptions in the NIR. This behaviour makes these materials of interest as polyelectrochromic NIR dyes for electrochromic devices. 26, 27 Computational Studies Ab initio molecular orbital calculations (see Experimental section for details) were performed on 3 and 4 to confirm that, although the frontier orbitals are spread over the whole molecule, the HOMO is largely b-3ted in character, whilst the LUMO is almost entirely located on the R 2 pipdt (Fig. 3 ). Geometry optimisation of both complexes showed excellent agreement of the bond lengths with the observed X-ray data, however, the degree of planarity in the central NiS 4 C 4 core was underestimated (Tables S1 & S2, ESI †). These deviations away from X-ray data may be due to constraints imposed by the crystal lattice as the calculations were run on isolated molecules. Following optimisation, information regarding the electronic excitation properties for 3 and 4 were sought using time-dependent density functional theory (TD-DFT). Calculations were carried out using the polarisable continuum model of DCM (ε = 8.93), as previous computational studies of other chargetransfer systems in the gas phase have been shown to drastically underestimate the energy of the transitions. 28 The calculated contributions to the low energy band in 3 were shown to be 54 % HOMO→LUMO and thus predominantly LL′CT in character, with a contribution from the HOMO-3→LUMO transition. The low energy band in 4 was 65 % HOMO→LUMO in character, with only a very minor contribution from HOMO-3→LUMO. The calculations overestimated the energy of all the observed transitions for both 3 and 4 (~1550 cm -1 for the low energy transition), but showed good relative correlation between the two complexes (Table   S3 , ESI †). A transition from the HOMO-2→LUMO was calculated but not observed for both complexes which was predominantly MMLL'CT in character [543 nm (18, In order to explore the bulk properties of these complexes in the solid state, DFT calculations were performed using the CRYSTAL06 29 code to investigate the degree of molecular overlap and develop a band structure for both materials. Visualisation of densities-of-states plots showed that the calculated distribution of the frontier orbitals in the crystal structures was in agreement with the calculations performed on isolated molecules (Fig.   S7 , ESI †). The band dispersion plots, shown along pathways cutting through symmetry significant k-points in reciprocal space, are given in (scan rates sampled at intervals between 10-1000 mVs -1 ). Two irreversible peaks were seen above +1 V, and were assigned to sequential oxidation of the thiophene groups [vide infra ( Table 1) ]. Each redox process occurs at a more positive potential for 3 than 4, thus the nature of the R group is shown to affect the redox behaviour of the dithiolene core. Greater variation in the redox processes at negative potentials (ΔE 1 1/2 = 0.17 V, ΔE 2 1/2 = 0.09 V) than at a positive potential (ΔE 3 1/2 = 0.04 V) lends experimental weight to the computational data which show the LUMO to be predominantly located on the R 2 pipdt. This is in agreement with UV/Vis/NIR data and agrees with previous work on electronically analogous systems containing the R 2 pipdt ligand, 7, 11 which concluded that the more electron rich i Pr 2 pipdt raises the energy of the LUMO more than that of the HOMO. 7 In order to demonstrate the potential for this new class of complex to be incorporated into conducting films, the electrochemistry of 3 was studied at higher concentrations. This complex was chosen due to its superior solubility in common organic solvents and its greater optical absorbance in the NIR range, thus making it easier to process and characterise. Concentrations of between 5 and 10 mM of monomer in a solution of 0.3 M TBABF 4 in DCM were used, due to the observed solubility of the deposited films in DMF. Potential cycling between +0.87 and +1.47 V to initiate oxidation of both thiophene groups resulted in an initial drop in current after the first scan, followed by a steady increase that continued for many cycles (Fig. S8, ESI †) . This is indicative of the deposition of a conducting film. By comparison with previous studies, 17 it is assumed that the electrochemical process observed in this range is the covalent linking of the thiophene groups at the αposition, resulting in polymeric growth on the electrode surface.
Cycling of this film between +1.00 and -1.00 V in monomer free electrolyte solution initially showed none of the redox processes observed for the monomer, but on cycling to greater potentials (+1.50 and -1.30 V), three redox processes emerged at -0.68, +0.02 and +0.40 V and remained over many cycles (Table 1, Fig. 6 ). On comparison with the cyclic voltammetry of the monomer, the redox process at positive potential (E 3 ) appears largely unchanged, whilst the redox processes at negative potentials are shifted to more positive potentials (~400 mV for E 1 and ~600 mV for E 2 ). More facile reduction may be due to stabilisation of the LUMO upon polymerisation. Alternatively, these differing shifts may reflect the the need to incorporate a different counterion upon reduction compared with oxidation. A conditioning process seems to be required to activate the film. We propose that this may be the result of film restructuring to mitigate against poor initial counter ion transport through the film. 30 The initial potential cycling and film formation experiment should lead to the deposition of neutral or cationic film products with associated BF 4 counterions. However, film cycling to generate reduced species requires bulky TBA + film transport to preserve electron neutrality. Cycling the film to these negative potentials enables film restructuring to allow such ion transport. In an effort to further explore the structural and electronic properties of films containing 3, hybrid films of 3 and thiophene were produced. Adding 10 mM of thiophene to the monomer solution and potential cycling between +2.37 and -0.23 V resulted in the deposition of a highly conducting film. This film displayed similar redox behaviour to polythiophene and did not show any of the redox processes observed in the dithiolene complex, which were possibly obscured by the dominant polythiophene processes. The deposited film was brown in colour and insoluble in DMSO. UV/Vis/NIR spectroscopy of films grown on FTO coated glass electrodes showed a broad absorption over the entire NIR range. On comparison with the spectrum of a polythiophene film grown under identical conditions, distinct differences in the spectra can be observed. The hybrid film showed intense NIR absorptions centred around 950 nm (shoulder) and 1400 nm (peak) (Fig. 8) , that were absent from the polythiophene film. These can reasonably be attributed to incorporated dithiolene units with both these low-energy absorptions comparable to those observed in the soluble and insoluble portions respectively of the homopolymer of 3. The intermediate red-shift of the lowest energy NIR absorption to 1400 nm, rather than 1550 nm for the homopolymer suggests that, by careful stoichiometric control, the NIR absorption profile, as well as the conductive properties, of a hybrid polymeric film containing such complexes might be tuned over a wide range of wavelengths. 
Conclusions
We have prepared two novel asymmetric bis-1,2-dithiolene complexes containing a readily-tuneable auxiliary ligand (R 2 pipdt) and a ligand with polymerisable thiophene groups attached at the 3-position (b-3ted). Both complexes have been structurally and electronically characterised and show that, by simple variation of the R group, the solid-state and electronic properties of such complexes can be controlled. Experimental data are supported by computation on isolated and solid-state models, and results suggest that the properties of analogous complexes may be accurately predicted by such techniques.
Cyclic voltammetry of both complexes displays three electrochemically reversible redox processes, including the formation of a stable cation, suggesting such complexes may be useful as ambipolar semiconductors for field-effect transistors. A negative solvatochromic response was shown in both complexes and therefore further investigation will look at the first hyperpolarisability (β) of such systems and the development of second-order NLO materials.
Electrochemical polymerisation of 3 has been shown to form a redox-active film, most likely through covalent linking of the thiophene groups. The electrochemical and spectroscopic properties of a poly-3 coated platinum electrode confirm the incorporation of intact dithiolene units into a conducting film with redox processes similar to that of the monomer. A co-polymer of 3 with thiophene showed strong absorption across the visible and NIR range, consistent with incorporation of the dithiolene units. Further work is required to fully characterise the structure of the polymers and to establish the extent to which an interplay between the conductive properties of the polythiophene backbone and the optical properties of the pendent dithiolene can be harnessed to yield characteristic and tuneable optical properties.
Experimental
Electrochemical experiments were performed in dry DMF (Sigma-Aldrich) or dry DCM (stored over KOH, distilled over P 2 O 5 ) and solutions were degassed with N 2 before use. TBABF 4 was used as supporting electrolyte and was prepared from tetrafluoroboric acid and tetrabutyl ammonium hydroxide and recrystallised 5 times from water and dried under vacuum at 60°C for 2 weeks. Geometry optimisations for isolated molecular units of 3 and 4 were carried out using the Gaussian 03 program, 31 utilising the X-ray crystallographic coordinates for the starting structures. The wavefunction was expanded using the Pople 6-31G* basis set for all atoms, 32, 33 coupled to the Becke three parameters hybrid exchange and the Perdew-Wang 1991 correlation functionals (B3PW91). 34, 35 Optimised structures were subsequently verified as minima on the potential energy surfaces by the absence of negative values in the frequency calculations. The molecular orbital isosurfaces were generated using the cubegen utility in Gaussian 03 and visualised using ArgusLab 4.0. TD-DFT calculations were carried out in the presence of the Tomassi polarisable continuum model (PCM) in a DCM solvation field, 36 with the first 70 singlet transitions calculated. Simulated spectra were generated using Gausssum 2.1 freeware program, using a full-width halfmaximum value of 3000 cm -1 .
Single-point energy calculations were undertaken using the CRYSTAL06 29 code to deduce the band structures for 3 and 4, with the X-ray crystal structures providing the input models. Standard 6-31G** basis sets [37] [38] [39] were used throughout, while exchange and correlation were included by use of the B3LYP hybrid functional. 26 This method has been previously shown to give band dispersions and gap widths in good agreement with experiment for a wide range of materials. 40, 41 Calculations were terminated once the energy convergence fell below 10 -6 au. Electronic band structures were sampled using a 444 Monkhurst-Pack mesh, 42 and subsequently visualised along with atom-projected densities of states plots. 
